Abstract-A germanium photodetector is fabricated on silicon dioxide at low temperature in order to demonstrate monolithic compatibility with back-end-of-line CMOS manufacturing. Final MSM photodetectors demonstrate net gain with an internal quantum efficiency greater than 100%.
I. INTRODUCTION
Silicon photonics has emerged as a leading technology to overcome the bandwidth and energy efficiency bottlenecks of standard metal interconnects. Integration of photonics in the back-end-of-line (BEOL) of a standard CMOS process enables the advantages of optical interconnects while benefiting from the low cost of monolithic integration. However, processing in the BEOL requires device fabrication on amorphous substrates, and constrains processing to 450°C. In this work, a germanium photodetector is fabricated while adhering to these processing constraints in order to demonstrate a proof of concept for BEOL integration. Fig. 1 . Schematic of the geometrically confined growth technique used to grow crystalline Ge on amorphous substrates.
II. GERMANIUM GROWTH ON AMORPHOUS SUBSTRATES
Crystalline germanium was grown on silicon dioxide at 450 °C by using two dimensional geometrically confined lateral growth, as outlined explicitly in [1] . The method relies on selective deposition of Ge on Si and not SiO 2 , and the fact that some grain orientations grow faster than others. Depositing Ge in a high-aspect ratio channel allows fast growing grain orientations to overtake slow growing grain orientations, and a single grain can overtake all other grains and emerge from the channel as a single crystal. Several of these channels were arrayed adjacent to one another. Therefore, the crystalline Ge grains that emerge from the channels coalesce with one another to fill a lithographically defined trench with large-grain Ge. This technique was used to form the active region of a Ge MSM photodetector.
III. SCHOTTKY BARRIERS TO P-TYPE GE
In order to suppress dark current in MSM photodetectors, Schottky contacts were implemented. Structural defects in Ge have beeen shown to form acceptor states in the material [2] . Therefore, as grown Ge was measured to be p-type with a doping concentration of 1x10 18 cm -3 even though the material was not directly doped. Due to Fermi level pinning, direct metal contacts to p-type Ge have been shown to always result in Ohmic contacts [3] - [5] . This is independent of metal work function and pre-metalization cleaning procedures. Therefore, in order to passivate surface states, a 1 nm layer of Al 2 O 3 was deposited by ALD onto the Ge surface before sputtering 200 nm aluminum contacts. The 1 nm Al 2 O 3 layer was thin enough to allow efficient tunneling, but was shown to de-pin the Fermi level and create Schottky barriers. The barrier height was measured by fitting a thermionic emission model to dark IV curves at a range of temperatures. A maximum barrier height of 0.46 eV was measured, proving that the Fermi-level was de-pinned, Interdigitated Al contacts were used with an Al 2 O 3 tunneling interlayer between the Al and Ge. A low dark current density of 2.1x10 -2 A/cm 2 was measured in 1 um wide, 75 um long detectors. Normal illumination at 980 nm was used to measure the photoresponse. After accounting for reflection and shadowing, the responsivity was shown to be linearly dependent on bias and inversely dependent on contact separation. A responsivity as high as 3.2 A/W was measured at a 4 V bias and contact separation of 0.5 um. This corresponds to an internal quantum efficiency >400 %. Therefore, net gain was observed in these photodetectors. The same MSM photodetectors were made on Ge grown on SiO 2 at 450 °C using the geometrically confined growth technique. The location of the grain boundaries is known due to the lithographically defined nucleation location of the Ge grains. Therefore, the metal contacts can be placed on the grain boundaries. All of the material between the metal contacts is single crystalline Ge, with the grain boundaries located below the metal contacts. With this design, photogenerated electron-hole pairs can be collected by the contacts without having to cross grain boundaries. From the perspective of the carriers, the Ge material is single crystalline. With a 980 nm normal illumination, a responsivity greater than 2.5 A/W was measured at 4 V bias, correlating to an internal quantum efficiency of in excess of 300 %. Therefore, net gain was also observed in these detectors. This indicates that the detectors grown while adhering to back-endof-line processing constraints are also high performance detectors. Fabrication challenges caused pinholes in the Al 2 O 3 interlayer, effectively causing some Al to be in direct contact with the Ge. This caused shunting of the Schottky barrier by allowing parallel leakage paths from the Al to the Ge, resulting in significant leakage current. 
V. CONCLUSION
In conclusion, crystalline Ge was grown on SiO 2 by using a geometrically confined growth technique. Schottky barriers to p-type Ge were developed by using a 1 nm Al 2 O 3 tunneling interlayer. Ge MSM photodetectors were made and demonstrated an internal quantum efficiency greater than 400 % for high temperature epitaxially grown Ge. MSM photodetectors were also made on Ge grown on SiO 2 and demonstrated internal quantum efficiencies >300 %. These photodetectors both demonstrate net gain. This device is a proof of concept that high performance photodetectors can be compatible with monolithic integration into the back-end-ofline of a standard CMOS process. 
